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SIMULATION OF A SPHERICAL WAVE EXPERIMENT IN MARBLE
USING A MULTIDIRECTIONAL DAMAGE MODEL

Tarabay H. Antoun, Ilya N. Lomov

Earth Sciences Division, Lawrence Livermore National Laboratory, Livermore CA 94551

Abstract. This paper presents experimental results and computational simulations of spherical wave
propagation in Danby marble. The experiment consisted of a 2-cm-diameter explosive charge
detonated in the center of a cylindrical rock sample. Radial particle velocity histories were recorded at
several concentric locations in the sample. An extensively damaged region near the charge cavity and
two networks of cracks were evident in the specimen after the test. The first network consists of radial
cracks emanating form the cavity and extending about halfway through the specimen. The second
network consists of circumferential cracks occurring in a relatively narrow band that extends from the
outer boundary of the radially cracked region toward the free surface. The experiment was simulated
using the GEODYN code and a multi-directional damage model. The model is developed within the
framework of a properly invariant nonlinear thermomechanical theory with damage represented by a
second order tensor that admits load-induced anisotropy such as was observed in the experiment.

INTRODUCTION

Wave propagation in multi-layered geologic
media involves wave reflections, which, under
certain conditions, can give rise to states of tensile
stress. Tensile stresses also arise in the hoop
direction behind the shock front in spherically
divergent flows, such as in the vicinity of an
underground explosion. Tensile failure is common
under these circumstances because geologic
materials are weaker in tension than they are in
compression. The brittle nature of this tensile
failure imparts a directional dependence to the
damage field, which in turn leads to load-induced
anisotropy. This damage process can significantly
alter the late-time stress and deformation histories
in the medium. Thus, for applications requiring
knowledge of the complete deformation history,
like simulating the response of underground
structures to impulsive loading, an ability to
compute multidirectional cracking within a
continuum mechanics framework is essential. A

multidirectional cracking model was recently
developed [1]. This paper describes an application
of the model to simulate directional damage in an
explosively-loaded sample of Danby marble.

SPHERICAL WAVE EXPERIMENT

The configuration of the spherical wave
experiment is shown in Fig. 1. In the experiment, a
2-cm-diameter EL-506D (Detasheet) explosive
charge weighing 6 g was detonated at the center of
an instrumented 27-cm-diameter, 27-cm-long
cylindrical block of marble [2]. The specimen
assembly was placed inside a pressure vessel
wherein it was subjected to a 6.9 MPa static
overburden pressure. Particle velocity histories at
several radii from the charge were measured by
monitoring the motion of embedded wire gages
through an externally applied magnetic field. Two
diametrically opposite gages were used at each of
eight radii starting at the charge boundary and
extending outward to a radius of 5.0 cm. The gages



at the two ranges closest to the charge experienced
premature failure leading to loss of data at these
locations. The velocity histories at the remaining
ranges are shown in Fig. 2. The letters a and b
following the gage number are used to distinguish
the two gage arrays on opposite sides of the charge.
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Figure 1. Spherical wave experimental setup.

At early times, the recorded velocity histories are
characterized by a sharp rise to peak followed by
an outward motion that lasts for about 10 s. This
early-time response is reproducible, as indicated by
the nearly identical records from the gage arrays on
either side of the charge. The outward expansion
phase is followed by a rebound phase. In previous
experiments [3,4], the rebound signal caused an
inward contraction in the motion of the rock
sample that was manifested by a reversal of the
sign of the particle velocity histories. In the
present experiment, the particle velocities recorded
at all ranges remained positive throughout the
rebound phase of the signal. This difference
between the rebound signals measured in the
present experiment and those measured in other
investigations can be related to cracking of the rock
sample. Extensive cracking was not observed in
either of the two studies cited above. In contrast,
the Danby marble specimen of the present study
was severely cracked, as shown in Fig. 3. In
addition to the extensively damaged region near the
charge cavity, two distinct networks of cracks can

be seen in each half of the specimen. The first
network consists of numerous cracks emanating
from the charge boundary and extending radially
outward toward the free surface of the specimen.
These radial cracks extend throughout the gaged
region of the specimen, and a few cracks propagate
all the way to the free surface. The second network
of cracks consists primarily of circumferential
cracks and does not appear to be symmetric with
respect to the center of the explosive charge. An
additional crack that does not appear to be
associated with either of the crack networks
mentioned so far can be observed spanning the
whole specimen surface. This crack follows the
path of a pre-existing in sifu joint in the rock. The
extensive cracking in the Danby marble specimen
caused degradation of the material properties and
reduced the stiffness of the rock. For this reason,
the response of the specimen during unloading was
substantially different from its initial intact
response. Consequently, much of the early-time
deformation was not recovered during the
contraction, or rebound, phase.

The results of the spherical wave experiment also
show evidence of load-induced anisotropy, a
response mode usually associated with cracking in
brittle materials. This anisotropy is manifested as a
difference in the recorded particle velocity histories
along the two different gage arrays of the spherical
wave experiment. This occurs during the rebound
phase of the response and can.be seen in the results
shown in Fig. 2. A careful comparison of the
results shown in the figure reveals a systematic
difference between the late-time particle velocity
histories recorded by gages in the a array and
those recorded by gages in the b array. A single
rebound signal with duration of about 15-17 s is
observed on the a side of the specimen. In
contrast, a two-spike rebound signal is observed on
the b side of the specimen. The first spike has a
larger amplitude and longer duration than the
second spike, but when the two spikes on the b
side of the specimen are combined, they have the
same duration as the single spike on the a side.
We believe that these systematic differences are
due to the effects of cracks on wave propagation.
Specifically, the lack of symmetry in the cracking
patterns caused the stress wave to become
asymmetric, and thus gages located in different
regions of the specimen recorded different motions.
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Figure 2. Measured and simulated particle velocity histories at 6 radii from the explosive charge.

NUMERICAL SIMULATIONS

A continuum model that can simulate weakening
and void formation due to directional tensile failure
was used in the simulations. The model is
developed within the context of a properly
invariant nonlinear thermomechanical theory. A
second order damage tensor is introduced which
allows simulation of weakening to tension applied
in one direction, without weakening to subsequent
tension applied in perpendicular directions. This
tensor can be advected using standard methods.
Porosity is used as a measure of volumetric void
strain and its evolution is influenced by tensile
failure. The rate of dissipation due to directional
tensile failure takes a particularly simple form,
which can be analyzed easily. The model is
combined with constitutive equations for porous
compaction and dilation, as well as viscoplasticity.
A robust non-iterative numerical scheme is used
for integrating the evolution equations.

The model was calibrated using laboratory data
that included elastic properties, unconfined
compressive strength, and a pressure dependent
failure surface. Pressure-volume data from 1D
strain wave propagation experiments were also
used to calibrate the Mie-Gr neisen EOS used in

the simulations. Material parameters that could not
be determined from the aforementioned data were
determined through an optimization process using
the measured particle velocity histories shown
earlier in Fig 2. As shown in the figure, the
calibrated model is in good agreement with the
data at early time, when the flow field can be
reasonably viewed as spherically symmetric. At
late time, reflected waves from the cylindrical
boundary of the specimen converge toward the
charge cavity and in so doing render the flow field
three-dimensional. Also at late time, the sample
response becomes anisotropic due to the interaction
of the stress waves with pre-existing planes of
weakness in the sample. These two phenomena
cause a breakdown in the 2D axisymmetry
assumption. For this reason no attempt was made
to match the late time velocity histories.

The damage patterns computed with the
calibrated model are shown in Fig. 4. The two
halves of the figure show void volume fraction and
crack patterns, both of which are indication of
damage. The main difference between the two is
that void volume fraction is reversible (i.e., voids
can undergo recompaction under compression)
whereas damage is irreversible, increasing under
tension and remaining constant under compression.



Figure 3. Observed damage at the midsection of the
explosively loaded Danby marble specimen.
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Figure 4. Void volume and directional damage from the
2D simulation of the spherical wave experiment.

These patterns look remarkably similar to the
cracking patterns observed in the experiment. Like
in the experiment, two crack networks are
observed; the first consisting of radial cracks
propagating away from the charge cavity toward
the free surface, and the second consisting of rings

of circumferential cracks caused by the reflected
wave near the free surface of the specimen. The
simulated circumferential cracks network is closer
to the surface of the specimen than was observed
experimentally. This is probably because in the
simulation the reflected wave is spherically
symmetric, and therefore more intense than its
cylindrically symmetric counterpart in the
experiment.

Fig. 4 appears not to show extensive damage
near the cavity as observed in the experiment. This
apparent disagreement is due to the fact that in the
model, damage near the source is dominated by
plastic distortion and bulking. Bulking porosity as
high as 3% was computed in the near-source region
where extensive cracking was not observed.

The 2D simulations are in reasonably good
agreement with the data indicating that our
multidimensional cracking model is well suited for
simulating directional damage within a continuum
mechanics framework. To improve agreement with
data, a 3D simulation is needed to properly account
for specimen geometry, including preexisting
joints, and for the complex wave interactions that
take place during the later stages of the experiment.
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